Abstract-The superconducting magnet system for the J-PARC neutrino beam line for the T2K experiment has been served for the beam operation without serious disturbance since April 2009. Present most concern of the system is the operational current limit of superconducting corrector magnets for beam steering due to systematic quenches at lower currents. Operational experience of the magnet system and examples of troubleshoot including countermeasures against the corrector magnet quenches are presented.
I. INTRODUCTION
A FTER completion of the facility for a long base-line neutrino oscillation experiment at J-PARC, the so called T2K experiment [1] , [2] , commissioning was started in the beginning of 2009. Following the beam commissioning and the maintenance during the summer shutdown, the physics run started in January 2010.
The "Neutrino Beam Line" for the T2K experiment to transport the primary proton beam extracted from the J-PARC Main Ring accelerator to the neutrino production target consists of three sections: the beam preparation, the final focusing sections with conventional magnets and a beam collimation/plug system, and the arc section in between with a superconducting magnet system. The superconducting arc section is about 150 m long and consists of superconducting magnets with coils that incorporate a new concept, combined function (SCFM). As shown in Fig. 1 , a left-right asymmetric coil structure of the SCFM can simultaneously generate a dipole field of 2.6 T with a quadrupole field of 19 T/m in a coil aperture of 173. 4 functions as a FODO lattice and contains two SCFM magnets. In total, 14 doublet cryostats are installed in the beam line. The J-PARC neutrino beam line is the first in the world to realize this concept.
The SCFMs are cooled with supercritical helium (SHe) below 5 K by the helium refrigerator, including a cold pumping system, with a cooling power of 1.5 kW. The interconnect cryostats between the main cryostats have the function of either the beam steering superconducting corrector magnet, the quench relief valve, or the beam monitor. The main parameters of the superconducting magnet system are listed in Table I . Detailed reports on the development, construction and commissioning of the superconducting magnet system for the J-PARC neutrino beam line can be found in [3] - [11] .
While the current primary proton beam parameters (30 GeV, 100 kW) have not reached the nominal ones (50 GeV, 750 kW), the main SCFMs have worked quite well without any serious problem to disturb the beam commissioning and the physics run. There were some minor troubles in the system, but most were quickly fixed. Apart from the main magnet, however, all beam steering superconducting corrector magnets consistently quenched at lower currents than the nominal one and the present operational current is limited to 10 A.
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II. OVERVIEW OF THE OPERATION AND EXAMPLES OF TROUBLESHOOTING
A summary of the operation of the superconducting magnet system for the J-PARC neutrino beam line is tabulated in Table II . A major issue found in the hardware commissioning in the beginning of 2009 was the systematic quenches for all corrector magnets. Details of the quench behavior and countermeasures are described in the next chapter. It should be noted that beam operation has been successful without excitation of the corrector magnets except for specific beam studies.
Following hardware commissioning, the whole magnet system was available for beam commissioning April 2009, and subsequently for the physics run of the T2K experiment beginning in January 2010. The magnet system, excluding the refrigerator, which is composed of the main SCFMs, the corrector magnets, power supplies, the magnet safety system (MSS) with quench detectors, and the power supplies for the quench protection heaters (QPH-PS), has been operated without any serious disturbance of the beam operation so far.
Minor malfunctions of the MSS occurred several times during the dry run before starting the beam commissioning as shown in Table II . In the worst case, mis-trigger of the MSS to the QPH-PS induced an unnecessary quench of the main SCFMs. The cause was traced to a bad electrical contact in a circuit board of the MSS. After repair of the bad contact or replacement of the suspicious circuit boards, we have never experienced similar problems.
The helium refrigerator has been in continuous operation except for several short-term power cuts for maintenance work at the site. Due to the safety reason, the helium in the magnets was returned to a gas storage facility during the power cut, but the magnet temperature was kept around 100 K at the highest to minimize the re-cooling time.
During the refrigerator operation, we experienced malfunctions of the turbines in the cold box twice, on start-up. In the most recent case, serious damage of the T2 turbine blade was found. The blade was replaced with the backup. The cause of this trouble is still under investigation. Other troubles due to bad contact outputs from a turbine thermometer caused emergency halts of the refrigerator system and beam aborts. The trouble was quickly fixed. Five hours of beam time were lost. This was the only actual disturbance of the superconducting magnet system during the physics run. It should be highlighted that the failure rate of the superconducting magnet system was only 0.3%.
During continuous operation, an effort to reduce the power consumption of the refrigerator was made. Fig. 2 shows the trend of the various parameters of the helium refrigerator during the transition from the normal mode to the power saving mode. Power saving was achieved by reducing and optimizing both the helium-gas flow capacity and the outlet pressure of the main compressor of the refrigerator. After multiple tuning efforts, an automatic transition has been achieved, and the power consumption has been reduced to about 420 kW from 600 kW. Fig. 3 shows the trend of delivered protons to the neutrino target in the physics run as of July 2010. While the superconducting magnet system has successfully transported the proton beam at the highest beam power so far above 100 kW, the usual beam power was limited to around 50 kW. This is because that the performance of the present kicker magnet for beam extraction fluctuated beyond 55 kW, and the proton beam trajectory as well as the behavior of the generated neutrino beam were significantly affected. The kicker magnet is planned to be replaced in the 2010 summer shutdown.
III. QUENCHES OF CORRECTOR MAGNETS AND MEASURES
The beam steering corrector magnets wound with superconducting NbTi/Cu cables were supplied by BNL as a US in-kind contribution to the T2K neutrino experiment [10] , [12] . Each corrector magnet with a C1010 copper bobbin consists of a 2-layer normal dipole coil over a 2-layer skew dipole coil. Each coil on the same corrector magnet structure can be independently energized. The coils are wound by using "direct winding technology" with a serpentine coil pattern. The corrector magnets are operated using conduction cooling with 5N-class pure aluminum strips: thanks to the large cooling power of the SHe line, the corrector magnets can be operated at a temperature below 6 K. Fig. 4 displays the schematic drawing of each corrector coil connected with a set of copper bus bars. The location of voltage taps and thermal anchors to the bus bars are also shown. The copper bus bars (C1020), 12.5 mm wide and 2 mm thick, are utilized to feed the current to the coils below 100 K. Beyond the intermediate thermal anchor to the helium return line measured at Here, "Magnet" includes the following items: the main SCFMs and the beam steering SC corrector magnets, power supplies (PS), the magnet safety system with quench detector (MSS), the power supply for quench protection heaters (QPH-PS). 6.1 K, leftover superconducting wires of the SKS magnet [13] , which were 3.5 mm wide and 1.9 mm thick with a critical current above 1000 A at 5 T, were fully soldered on the copper bus bars to block ohmic heat. The superconducting leads from the coils were soldered adjacent to the superconducting wires on the same bus bars as drawn in Fig. 4 .
During hardware commissioning of the magnet system, we found that all six corrector coils consistently quenched around 13 A, much lower than the nominal current of 40 A. At that time, beam commissioning was the first priority and entry to the beam line tunnel to carry out further quench tests of the corrector coils was not approved. It should be noted that each corrector magnet was satisfactory quench tested in liquid helium bath at BNL and that the prototype cooled by conduction with a cryocooler was also tested at KEK, where it performed satisfactory.
Since the most suspicious cause was insufficient cooling around the lead joint region between the superconducting wire and lead, conduction cooling from the cold helium lines was improved during the 2009 summer shutdown. In particular a new cooling copper block shown as "Thermal Anchor 2" in Fig. 4 was added. It was confirmed that the temperatures at the thermal anchors (the copper blocks) around the coil and the joint region were below 5.6 K.
After this cooling reinforcement, excitation tests for the corrector coils were carried out. Fig. 5 shows the typical voltage tap signals of SND-03, which is the normal dipole corrector coil at the third interconnect cryostat, during a ramp up to 10 A at 50 mA/s. It was found that, even after the cooling reinforcement, resistive voltages of both lead joints were observed from the beginning of the ramp up. While inductive voltages at " " and "
" were generated during the ramp up, the signals returned to the initial offset level with no resistive voltage after reaching 10 A. Fig. 6 shows the voltage tap signals of SND-03 at the ramp up to quench at 13.8 A. One can see that both half coils quenched at approximately same time. In the same time frame, the resistive voltages at " " and " " seemed constant and no rapid voltage rise was observed. Presumably, resistive heat from the superconducting leads continuously transferred to the coil and thermal runaway eventually started after collapse of the heat balance. Other corrector coils were also tested and it was confirmed that the quench behaviors of all six corrector coils were very consistent.
From these results, it was concluded that essential repair of the lead joint regions is obviously necessary. However, the root cause is still unclear. In order to clarify the situation, it was decided to implement additional instrumentation to the specific normal and skew dipole corrector coils (SND-08 and SSD-08) in the eighth interconnect cryostat during the 2010 summer shutdown for further quench study. New four voltage Fig. 4 , were added to the bus lines of each coil circuit to localize the hot spot that initiates quenching. Also, five Cernox thermometers were installed to determine temperatures of the magnet structure as well as the bus bars. An excitation test is anticipated in autumn 2010 before starting the physics run.
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IV. SUMMARY AND FURTHER PLAN
The superconducting magnet system for the J-PARC neutrino beam line has been utilized for the beam operation. Some initial failures of the system took place but were quickly fixed. While the issue of the corrector magnets has not been solved, intensive excitation tests to determine the cause of the quenches are planned for autumn 2010.
The physics run with present beam power of 50 kW was carried out and more than 20 neutrino events have been detected so far at Super-Kamiokande, 295 km away from J-PARC. After replacement of the kicker magnet, a continuous beam power of 100 kW will be provided. According to the upgrade plan of the accelerator, the beam power for the T2K experiment will be increased to the nominal one of 750 kW in the next few years.
